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Abstract 
Effect of the polymer coating on the structure and luminescent properties of the hybrid layer nanoporous silicon (PS)-
polyparaphenylene (PPP) has been studied. For preparation of PS layer a silicon wafer with n-type of conductivity was used. The 
PS-PPP structures were characterized by FTIR spectroscopy, scanning electron microscopy and investigated on the ability to 
photo- and cathodoluminescence at T= 78 and 293 K. It has been found that intensity of luminescence in the hybrid structure 
based on PPP and PS significantly increases as compared with intensity of photo- and cathodoluminescence of PS without 
polymer.  The possible mechanism of such effect is discussed. 
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of The Organizing Committee of the 17th International Conference on Luminescence and 
Optical Spectroscopy of Condensed Matter. 
Keywords: hybrid nanostructures, porous silicon, poly-para-phenylene, cathodoluminescence, photoluminescence  
1. Introduction 
The nanostructures based on inorganic and organic semiconductors have attracted a great attention of researchers 
due to the prospect of using such structures in the solar cells, light emitting diodes, sensors, lasers, and memory 
devices [1, 2]. Special place is occupied by the heterogeneous systems based on nanoporous silicon (PS), having a 
wide application in optoelectronics and sensor devices. One of the most important properties of such structures is 
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their capability of luminescence in the visible and near IR region of spectrum at room temperature. This 
phenomenon observed for the first time by Canham [3, 4]. It is suggested that excitation of luminescence in PS 
becomes possible due to the quantum-size effects as a result of nanometer size of porous structure [4, 5].   
Of great interest are the heterostructures created on the PS and surface organic layers, among which the 
conjugated conducting polymers intensively studied [6-10]. It found that covering of PS surface by conducting 
polymer causes a passivation action [6], lead to improving the electrical contact [7], controlling the intensity and 
modification the emissive properties of PS [8-10]. Luminescence is observed at electron excitation of 
heterostructures based on PS and polymer substances prepared by different methods (electropolymerization, thermo-
vacuum deposition, and adsorption). A shape of spectrum and the character of its changing in comparison with 
luminescence spectrum of initial PS significantly depend on electronic and molecular structure of polymer. 
So far there are only few data on the luminescence  properties  of  hybrid structures  based  on  other  conducting  
polymers,  such  as  poly-para-phenylene  (PPP).  It is known that PPP has a highest thermal and oxidative stability 
among the family of conducting polymers, exhibits a blue photoluminescence and the capability of 
electroluminescence in the sandwich-like structures [11, 12].  
Goal of the present work is study the effect of PPP deposition on the surface of porous silicon on the 
luminescence characteristics the PS - PPP hybrid structures.  
 
2. Experimental 
 
Samples of porous silicon were prepared by the photoelectrochemical etching of the single crystal silicon wafers 
(111) of n-type conductivity and specific resistance of 4.5 Ohm cm. Etching process was carried out at anodizing 
current density 20  mA/cm2 under illumination by 150 W tungsten lamp during 10-20 minutes [7, 10]. A Pt network 
served as counter electrode. The standard solution of hydrofluoric acid in ethanol with volume ratio of components 
HF: C2H5OH = 1: 1 was used as electrolyte. The working surface of sample was washed with distilled water after 
electrochemical processing. Poly-para-phenylene (PPP) in the form of fine crystalline powder was synthesized by 
polymerization of benzene in the presence of strong Lewis acids (AlCl3 and CuCl2) at T=338 K. 
To create a hybrid structure PS-PPP was used method of magnetron sputtering of conducting polymer on the 
surface of porous silicon using installation URM-3 in argon atmosphere at residual pressure P = 5х10-6Torr with 
field frequency 13,56 MHz in magnetic field 0.1 Т. The average deposition rate was of 2 nm / min. The thickness of 
the deposited PPP films controlled by duration of deposition was approximately 100 and 300 nm.  
The molecular spectra of porous silicon and PPP were obtained by means of FTIR spectroscopy using 
AVATAR-320N spectrophotometer in the wave number range of 400-4000 cm-1 at room temperature. Identification 
of absorption bands was carried out based on comparison with literature data [13]. The morphology of PS surface 
and surface of hybrid PS-PPP layer was studied with scanning electron microscope (SEM) Selmi REMMA-102-02.  
Photoluminescence (PL) was excited by pulse nitrogen laser LGI-21 ( =337.1 nm), pulse duration τp = 20 ns, at 
frequency of 60 Hz. An excitation of cathodoluminescence (CL) was provided by pulse-mode electron gun with the 
parameters: electron beam energy of 10 keV at current of 100 μA, pulse duration of 2 μs at frequency of 300 Hz. CL 
spectra were recorded in the range of 1.0-5.0 eV at the temperature Т = 293 К and 78 К using a specially designed 
unit. Analysis and processing of experimental data was done using methods described in [14, 15]. 
 
3. Results  
3.1. Characterization of the components of hybrid structure 
 
In the process of electrochemical etching of n-type silicon the formation of porous structure (Fig.1, a) with a 
diameter of pores from 50 to 200 nm is proceeds.  The thickness of porous layer is near 10 μm.   
The analysis of the IR spectrum of PS has shown that most of the absorption bands are related to molecular 
complexes containing hydrogen and oxygen (Fig.1, b). The most marked absorption bands observed at 620 cm–1 
(Si–H2 deformation modes) and 1075 cm–1 (valence oscillations of Si–O–Si). In addition, the IR spectrum of the PS 
includes the bands in the region of 2350–2400 cm–1. They are related to oscillations of O3–Si–H. The broad 
absorption band in the region of 2900–3800 cm–1 is attributed to oscillations of O–H bonds in the water molecules, 
which are adsorbed on the PS surface. In the same spectral region we have observed the absorption bands related to 
hydroxyl groups of Si–OH and molecular complexes of Si–H2, Si–H3 and C–H. 
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a      b 
Fig.1 (a) SEM image of porous silicon surface; (b) FTIR spectrum of porous silicon 
 
As shown by FTIR spectroscopy, the main features of molecular spectrum of PPP [11, 12] are saving after 
magnetron deposition of polymer on the solid surface. The characteristic bands in the IR spectrum corresponds to 
the linear structure of PPP. Polymer is para-disubstituted poly(arene), as evidenced by the presence of absorption 
bands at 690 and 756 cm-1 (  СН mono-substituted benzene ring); 808 см-1 (  СН para-substituted rings); 
1000 сm-1 ( о СН para-substituted rings); 1466 см-1 ( (ССАr)). An existence of absorption band 1610 cm-1, and 
absence of the bands in the range of 860 – 900 cm-1 (1,2,4-substituted rings) indicated a low probability of 
branching of the polymer chain. Linear, ordered chemical structure of PPP link (see Fig. 2) causes a number of 
interesting electrooptical properties of PPP due to the generation of charge carriers as n- and p-type [11, 12]. 
n  
                                    
 
Fig.2 Chemical structure of PPP elementary link (n = 6-8) 
 
It found that during magnetron deposition of PPP it is formed as a continuous nanofilm on the surface of porous 
silicon (Fig.3, a). The polymer also deposited directly on the inside of PS that you can clearly see from the SEM of 
hybrid layer PS-PPP (Fig.3, b).  
 
               
a     b 
 
Fig. 3. SEM images of the surface of hybrid structure of PS-PPP. Film thickness 300 (a) and 100 nm (b) 
 
3.2. Photoluminescence in PS, PPP and PS-PPP hybrid layers 
 
The photoluminescence spectra of porous silicon, poly-para-phenylene and hybrid structure PS-PPP were 
studied in the range of E = 1.5 – 3.5 еV. Photoemission of PPP is characterized by broad band (Fig. 4, a), in which is 
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observed clear maximum at Е = 2.31 eV and weak peak at 2.71 eV, which may be caused by inter-band radiative 
recombination in the conducting polymer [11, 12].  
       
а                                                                                                   b 
Fig.4. (a) PL spectrum of PPP film sputtered on the quartz surface (T = 293K); (b) PL spectra of PS (1) PS-PPP hybrid structure at T = 293 K (2) 
and 78 K (3) 
 
As shown in Fig. 4, b obtained PL spectra of porous silicon is in a good agreement with described for PS in 
literature [3-5]. For PS prepared on the surface of n-type silicon a PL spectrum is an elementary band with clear 
maximum at E = 1.95 еV (see Fig. 4, b, curve 1).   
Intensity of PL for PPP and PS at room temperature is not high, while for hybrid PS-PPP structure PL intensity 
increased that become significant at low temperature (see Fig. 4, b, curve 3). The existence of conjugated polymer 
(PPP) in porous semiconductor medium causes a shift and narrowing of the band of PL emission.   
 
3.3. Cathodoluminescence of the PS-PPP hybrid layer 
 
It known that silicon single crystal has low ability to electro- or cathodoluminescence even at very higher energy 
of excitation and low temperatures [3 -5, 16, 17]. At the formation of PS nanocrystal layer on the surface of silicon 
single crystal an appearance of emission under action of cathode beam is observed: weak CL band was peaked at E 
= 2.2 eV [16]. We observed CL of the porous silicon [9, 10] with a band maximum near E = 2.22 eV (Fig.5, a, b, 
curves 1) which is closely to the data described in [16]. 
It found that intensity of CL for hybrid layer PS-PPP significantly increases in comparison with CL of porous 
silicon without polymer.  
          
a       b  
Fig.5. CL spectra of porous silicon (1) and hybrid structure PS-PPP (2) at T = 293 K. Thickness of PPP layer is 300 (a) and 100 nm (b). 
 
Magnitude of peak emission at E = 2.22 eV increases in the 7-15 times, which is highest among studied hybrid 
structures PS-conjugated polymer. When a thickness of the PPP layer is near 300 nm, an intensive series of CL 
maximums is observed in short wavelength of spectrum at E = 3.5 - 4.5 eV (Fig. 5, а). When thickness of the PPP 
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layer decreases to 100 nm these maxima disappear (Fig. 5, b), probably due to degradation of polymer under action 
of electron beam. Elementary band at 2.22 eV transforms in two new bands at 1.95 and 2.45 eV (see Fig.5, b). 
 
4. Discussion 
 
According to contemporary ideas for the appearance of PL in PS in the visible range of spectrum are quantum 
size effects making possible the annihilation of the excitons which are spatially limited (trapped) in the intermediate 
area [4, 5]. On the other hand emission may be caused by the complexes of Si:O:H, H:Si:H, siloxen Si6H3O6 and its 
modifications formed during the etching process. In the complicated complexes of siloxen type there is a possibility 
of cluster formation from the silicon atom planes, where the effect of quantum limitation also takes place [17]. If 
recombination proceeds along the radiating channels of the nano-crystal grains, the coating of PS by a conducting 
polymer could significantly affect the recombination mechanism. 
Despite the agreement reached in matters of the nature of the luminescence of porous silicon associated with 
quantum-limiting, there are different viewpoints on the annihilation of charge carriers in quantum wires and porous 
silicon nanocrystals. For example, is not fully understood role in the radiative surface recombination. In addition, 
there is no unequivocal answer to the question what is the recombination of the charge carriers responsible for the 
luminescence - free electrons and holes or excitons.  
Most convincing in this sense is the model of passivation of porous silicon surface with different molecular 
groups [18, 19]. In this model, it is assumed that the absorption spectrum of PS determined by quantum size effect, 
while on the recombination process is significantly influenced by the surface states. In the process of passivation of 
the surface, for example, hydrogen or oxygen, on the one hand, closes the channel non-radiative recombination. On 
the other hand, it can form localized surface states, and the radiative recombination in this case can occur in the bulk 
silicon nanocrystals and through localized surface states. 
An “anomalous” increasing in quantum efficiency of the CL at polymer integration to the porous silicon surface 
can be interpreted by the effects which are inversed to those leading to decrease of the emission. In particular, 
during th An “anomalous” increasing in quantum efficiency of the CL at polymer integration to the porous silicon 
surface can be interpreted by the effects which are inverse to those leading to decrease of the emission. In particular, 
during the polymer deposition it is possible release of certain its bonds and creation new passivation dangling silicon 
bonds. It is clear that such aggregation of silicon atoms gives rise to increasing the quantum efficiency of emission 
what is observed experimentally.  
By the comparison of relative growth of CL intensity in the studied hybrid systems, also as its dependence on the 
thickness of polymer layer one can suggest that under coating of PS by PPP (polymer with high resistance [11]) 
decreases a rate of nonradiative surface recombination in PS caused by passivation action of polymer nanolayer. 
From the other hand, emission properties of hybrid structure PS-PPP probably enhanced due to particularities of 
electron structure of polymer [8-10], also as the method of formation of surface layer. In result of high frequency 
ion-plasma deposition of PPP on PS the fragments of low molecular weight are formed (n = 6-8 monomer links), 
which more compactly (in comparison with other polymers) fill a free volume of PS. Therefor, probably, increases a 
radiative component of recombination and intensity of CL. The enhancing luminescence intensity and significant 
modification of CL spectrum also may be attributed to formation of silicon-organic complexes between the porous 
silicon surface and conjugated fragments of PPP and their emission under electron beam excitation. 
 
5. Conclusion 
 
Analysis of complex investigations of molecular composition of the surface of porous layer and its photo- and 
cathodoluminescent properties shows that peculiarities of the relaxation (recombination) processes in PS are related 
to the changes in chemical composition of the surface. IR spectroscopy has detected that PS contains hydrogen in 
the form of Si – Hx groups, which due oxidation are substituted by the oxygen containing ones: Si – O – Si and O3 – 
Si – H. Given the high surface activity of these groups and their ability to form focal or weak covalent bonds with 
the organic layer [9, 10] it can be argued that during the polymer deposition it is possible creation new passivation 
dangling silicon bonds. Such aggregation of silicon atoms gives rise to increasing the quantum efficiency of 
emission what is observed experimentally. 
It has been found that intensity of luminescence in hybrid structure based on PPP and PS significantly increased 
as compared with intensity of photo- and cathodoluminescence of PS without polymer. The work demonstrates the 
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possibility of surface passivation of luminescent nanocrystals of PS by the   polymer films with the aim of 
modification their light emitting properties. Thin film coating of PPP is transparent for both exciting and generated 
of radiation in porous silicon. This coating can be used for protection of PC from mechanical and atmospheric 
influences. 
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